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ABSTRACT 


Analysis of tide records from Monterey Harbor for the 
three-year period 1964-1966 showed that two types of 
Ssub-tidal oscillations occur in the harbor having mean 
periods in the range of 19 to 59 minutes and 1.5 to 2.0 
minutes. Their heights, recorded on the tide records, 
varied from 0,2 to 0.4 foot and from 0.1 to 0.5 foot, 
respectively. The longer waves occur in trains having 
durations from a few hours to several days, and have a 
well-defined seasonal and diurnal frequency of occurrence, 
being most common during July and between the hours of 
1200 and 1600. The shorter waves are recorded almost 
continuously. The long period waves probably are 
progressive waves produced by air=-pressure fluctuations or 
by resonance with the ordinary surface waves associated 
with the coastal sea breeze. The short period waves 
appear to be either natural oscillations of the harbor or 


surf beat accompanying swell arriving from the open ocean. 
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le Introduction. 
&e HKarlier Observations. 

Water—Level oscillations having frequencies between 
those of the tides and ordinary sea and swell have been 
observed on tide and wave records made in Monterey Harbor, 
California. These subtidal oscillations have been 
described by Hudson (1949) for the period October 1946 to 
April 1947 and by Wilson (1965) for the period October 
1963 to April 1964. Both studies were supported by the 
U. S. Army Corps of Engineers, the earlier one in connection 
With surging prcblems in the harbor and the later one for 
the purpose of designing a suitable harbor rodel in 
preparation for a proposed breakwater construction. 

Hudson (1949) used three automatic and electrically 
synchronized Corps of Engineers (C.E.) wave gages, 
located in Monterey Harbor (Figure 1), to record wave 
data. His analysis revealed waves which he separated 
into three categories: short, intermediate and long waves. 


The results are summarized in the following table. 


TABLE 1 - HUDSON'S RESULTS (1949) 


Hudson's Wave Percentage of Average Wave 
_Categories Time Present Height 
Short (6-22 sec) 40-100 Q.5 ft. 
Intermediate (23-60 sec) 85 O5 th 
Long (1-15 min) 15=30 0.5 fte 
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Wilson (1965) used data from three Marine Advisers 
wave sensors, which were located as shown in Figure 1 in 
relation to Hudson's Corps of Engineers (C.E.) sensors, 


Wilson's results are summarized in the following table. 


TABLE 2 ~ WILSON'S RESULTS (1965) 


Percentage of Range in 
Sensor Noe Period Time Present Wave Height 
3 6=20 sec 0-55 Oe1l-2,.5 ft. 
2 60 sec-14 min O=55 0O.1-5.0 ft. 
i 140 secm14 min 0-50 O.1-2.5 ft. 


It may be noted, in comparing the data in the two 
tables, that significant differences exist between both 
the frequency of occurrence and the wave height recorded by 


the two investigators. 


be Objectives. 

The purpose of this investigation was to conduct a 
systematic analysis of the sub-tidal oscillations revealed 
in three years (1964-1966) of tide records recorded on the 
standard recording tide gage located on Municipal Wharf 
Number 2 (Figure 1). The principal objectives of studying 
these sub-tidal oscillations were to determine their 


(1) Occurrence, (2) Properties, and (3) Causes. 


c. Description of Monterey Harbor. 
Monterey Harbor is located at the southern extremity 


of Monterey Bay, 2 large semi~elliptical bay, located 


1S 


about sixty nautical miles south of San Francisco (Figure 2). 
The harbor contains & mooring area and. two wherves, It is 
well protected from southerly to westerly storm waves by 

the, Monterey Peninsula, and partially protected from 
westerly to northerly storm waves by a 1750 foot breakwater. 
Northerly waves, generated within the bay, occur very 


, parely. 
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Varig rem: for Wenterey Harkor recoraa amr Ee tive 
Mee, Which was installed in June 19043 4nd 19 ma@iteained 
bv the Naval Posteraduate School, were anwir zen for tree 
vharge-vear period from Jaruary 1964 through Decemcer 1966, 
Tale period was complete except for tne following months: 
April 1964, Aor3t 1965, and September through Decenber 

AY preliminary inspection @@ ine tide records revedied 
pao, t the subtidal oscillations could be severated into 
two distinet sroups of long and short perica waves. 


Examples of potr @re shown in Fisure & superimposed on 


tne astronemicai tide, The lonpoperiod wives “ppearea to 
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ave a mean period of approximatelv 20-40 minutes shereas 


the short-osried waves arneared te nave a metn period of 


j=-2 Minutes, evidently with nce overian bstween them, The 
long-period waves also were observed tc cotur relatively 
infrequently, whereeas the short—oeriod waves were present 
nearly ad 1 of the thames. On themeasis of this inspectiog. 


the investigation was directed towsrd tne cccurrerece, 


WPoverticS;sand eauses ©f Phese “wo Kahds cf waves, 


3. Long-Period Waves. 

ae Occurrence. 

Long—period waves occur in trains or series, the 
occurrence and duration of which may be noted from 
Figure 3. The trains or series were very distinct, but 
the beginning and end points of each train were indefinite, 
A subjective method of recording only the clearly 
distinguishable long-period waves was used. This method 
eliminated a portion of the beginning and end of the 
actual wave trains or series. Some wave trains were 
symmetrical about the mean tidal curve while others were 
non=-symmetrical. Symmetrical waves can be seen in Figure 
8 between 1800-2000 and non-Symmetrical waves between 
1700-1800. 

(1) Duration. 

The duration of individual wave trains was found 
to vary from a few hours to as long as ten days. It was 
found that the duration tended to be longer in summer 
than in winter. 

(2) Frequency of Occurrence. 

The number of hours of occurrence of long- 
period oscillations for each month of the year were 
recorded and are graphed in Figure 4 (see tabulation in 
Appendix, Table 1). The figure shows that during each of 
the three years there was a marked seasonal occurrence 
with a maximum in July, and generally a low level of 


occurrence from September through May. The year 1965 
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Showed considerably more activity than the other two years 
during the summer months, with an occurrence of more than 
400 hours in July. 1966 was a relatively inactive year 
and had a secondary maximum in November. 

The diurnal occurrence of long waves for each 
year is shown in Figures 5, 6 and 7 (see tabulations in 
Appendix, Tables 2 and 3). A well-defined diurnal 
occurrence between the hours of 1200-1800 and 1000-1800 
was found for 1966 and 1965, but the maximum diurnal 
occurrence for 1964 was recorded at the hour 0700 
(Figure 5). The combined diurnal occurrence for the 
three-year period is shown in Figure 6. Since in Figure 6 
the number of months of data varied for each year, the 
occurrence was calculated in percentage to take this into 
account and the results are shown in Figure 7. This 
figure reveals a well-defined occurrence between the hours 


of 1200-1600. 


be Wave Properties, 

It was not feasible to determine the wave properties 
of all the long-period wave trains shown in Figure 3, 
accordingly, a smaller number of wave trains was selected 
for detalled study. The preliminary inspection revealed 
that the maximum wave height of most of the wave trains 
was less than 0.4 foot; therefore, wave trains were chosen 
for further study if their maximum wave height was greater 
than 0.4 foot. Twelve trains or series were found to have 


heights greater than 0.4 foot and those were used as selected 
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FIGURE 5S. DIURNAL LONG—PERIOD WAVE OCCURRENCE 
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samples for the determination of wave properties. 


(1) Wave Period. 

The period of a given wave in a long-period wave 
train was obtained by the method illustrated in Figure 8. 
Both the mean long-period wave and the mean tide curve 
were drawn through the record. The period of each wave 
was then measured between Successive upward crossings of 
the mean tide curve. The periods were measured to the 
nearest minute and are tabulated in Tables 4-15 of the 
Appendix. The accuracy of the method is considered to be 
+ 1 minute. 

Results of the analysis of the periods for 
twelve selected wave trains are shown in the histograms 
OL Figures 9 and 10, which are graphed using period 
intervals of three minutes. Figure 9 presents the four 
wave trains of longest duration and Figure 10 the remaining 
eight shorter duration wave trains. it is evident that the 
period bands are broad and varied, that the distributions 
are not normal, and that the dominant period was not the 
Same in every occurrence. There also were no distinguish- 
able harmonics apparent. Measured periods of the twelve 
wave trains varied from 7-51 minutes, with a maximum period 
range for an individual wave train being 41 minutes. It 
is interesting to note that Wilson (1965) and Hudson (1949) 
did not indicate evidence of periods greater than 15 
minutes in their studies, very likely because their 
Sampling interval was too short to reveal these long 
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FIGURE 8. EXAMPLE OF LONG WAVES AND SHORT WAVES 
SUPERIMPOSED ON THE ASTRONOMICAL TIDE 
The Method of Wave:Period and Height 
Analysis of the Long Waves is Illustrated 
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The cumulative frequency distributions associated 
with the histograms of the four longest wave trains are 
Shown in Figure ll. The periods contained between the 
10 per cent to 90 per cent levels of occurrence are 


Summarized below. 


TABLE 3 —- PERIOD RANGE OF 10% TO 90% 
LEVELS OF OCCURRENCE 


Date Period Range (Min. 
Feb 1965 
050400=-062200 14—46 
Aug 1965 
091800=101000 14—353 
Jun 1966 
052200=-07 0600 9=31 
Nov 1966 
271500=282000 18=354 


There is a smaller variation in the upper 
limit of the period range (31-36 minutes) than in the 
lower limit (9-18 minutes). Based on the limited amount of 
data in the table, the periods of long-wave trains appear 
to be confined to the range from 9 to 356 minutes. The 
cumulative frequency distributions for the shorter durations 
do not form @ unique pattern and very little can be said 
~——~-@pout them. 
The mean and median periods for the twelve wave 
trains are summarized in Table 4. In some of the selected 
— samples the median period differed from the mean period 


by as much as 3.0 minutes (Dec 1966). Degree of skewness 
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is indicated by this difference. During the three-year 
interval the mean wave period of the individual wave trains 
varied from 19.4 to 38.3 minutes. 

The distribution of wave interval with time for 
the four trains of longest duration is Shown in Figure 12. 
The large range in periods is clearly distinguishable. 
These periods do not show any pattern, except for a@ mean 
increase of period with time for three of the four wave 
trains, and they are best described as unordered. 

(2) Wave Height. 

The height properties of the long-period waves 
were determined by application of Manley's (1945) envelope 
method of wave-form analysis ina simplified form. The 
principle of this method is shown in Figure 8. The crest 
and the trough envelopes of the long waves were drawn, 
and the wave height was measured as the vertical distance 
between the envelopes at the crest positions. The heights 
of all waves in the twelve selected wave trains on the 
tide record were measured to the nearest 0.05 foot and 
are tabulated in Tables 16-27 of the Appendix. Results 
of the analysis of the wave heights are shown in Figures 
13, 14 and 15. 

The tide-gage stilling well dampens the response 
of the gage to waves having periods significantly shorter 
than the astronomical tides. Correspondence with the 
U. 5. Coast and Geodetic Survey and others concerned with 


the dynamics of tide gages revealed no information on the 
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response characteristics of tide wells in the high 
frequency end of the wave spectrum. Dr. Carl Wunsch of 
Massachusetts Institute of Technology stated in personal 
communication that generally there is an exponential 
attenuation with increasing frequency, with the degree of 
attenuation dependent upon the geometry of the particular 
gagee According to an equation given by Doodson and 
Warburg (1941) for the rate of change of water level in a 
tide well for a given hydraulic head, the response of the 
tide gage for both the long and short waves under 
investigation in this study is approximately 100%. There- 
fore little or no dampening of these waves has occurred, 
and the wave heights given in all tables are considered 
to be the actual heights, 

Properties of the wave-height distributions of 
the twelve selected wave series are shown in Figures 13, 
14 and 15. The frequency distributions shown in Figures 
13 and 14 appear to approximate a normal distribution. 
Measured heights varied from 0.10 to 0.95 foot, with a 
maximum range for an individual wave train being 0.75 foot. 
Heights of 0.20 to 0.30 foot were the most frequent. 
Heights are lower than those reported by Hudson (1949) 
in the same general period range by a factor of 2 and by 
Wilson (1965) by a factor of about 4. The cumulative 
frequency distributions associated with the histograms 
of the four longest wave trains are shown in Figure 15. 


Except for the wave train of Aug 1965, all of the energy 


Bi 


lies between 0.08 to 0.58 foot. 

The mean and median heights for the twelve wave 
trains were calculated and are shown in Table 4. Unlike 
the wave periods, the median heights (except for one 
earrae , Aug 1965) were approximately the same as the mean 
heights. The summary in Table 4 shows that during the 
ea period the mean height of individual wave trains 
varied from 0.19 to 0.39 foot. 

The eaeenaion of wave heights with time is 
shown in Figure 16 for the four longest wave trains. 
Generally there is considerably variability in heights of 
successive waves. Discontinuities are present in the 
et distribution. Wave groupings are not prominant 
but may be seen toward the end of the wave train for June 


1966. 


Cc. Causes, 
(1) Other Investigations, 
Studies of long waves carried out in other 


coastal locations indicate that, in some cases, the waves 


‘are standing oscillations or seiches in closed or partially 


enctosed water bodies; and in others, they are progressive 
waves arriving from the open ocean. Their origins have 
been attributed to atmospheric pressure fluctuations, 
tsunamis, and to other causes, 

In Table Bay at Cape Town, South Africa, which 


has a@ shape and an exposure to the open ocean similar to 


Monterey Harbor, Wilson (1954) found that long-period waves, 
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which are common in the bay, are excited by pressure pulses 
in the overlying atmosphere when the wind is from the open 
sea, The oscillations in the atmosphere had dominant 
periods of approximately 130, 82, 66, and 15 minutes, 
whereas the natural water oscillation of the bay commonly 
showed periods in the range 70-50, 33=26, and 23=15 
minutes. Pressure fluctuations associated with wind 
directions other than from the open ocean failed to 
Stimulate long-period waves. 

In Ofunato Bay, Japan, which is deeply indented 
from the ocean and which has a relatively Simple shape, 
“Takahasi, Aida, and Nagata (1966) observed sub-tidal 
oscillations using submerged long-wave recorders, 
Ofunato Bay suffered severe damage from seiches induced 
by the Chilean tsunami in 1960. The purpose of their 
study was to determine the characteristics of these 
oscillations. Discrete periods of 40 minutes and 15 
minutes were found, and it was concluded that the water 
was resonating at the natural frequency of the bay. 

Gilbert and Pattullo (1966), in a study of 
Yaquina Bay, Oregon, used a portable staff-in-tube gage to 
obtain long-wave data. De«trending and spectral analysis 
by computer were applied to the data. The results 
suggested that there are two principal oscillations present, 
| both of which possibly are seiches. They found that, 
- during the winter, waves of periods less than six minutes 


dominated; but during the summer, periods of 20 minutes 


4.0 


dominated. The wave heights were of the order of 
centimeters to tens of centimeters. 

Tucker (1963) reviewed the studies by Munk (1949 
and 1962), Longuet-Higgins and Stewart (1962), Groves (1956 
and 1957), Cartwright (1960), and Donn and McGuiness (1960). 
In the light of the work of these investigators, Tucker 
concluded that atmospheric pressure and surf beat both 
probably contribute and overlap in generating the sub-tidal 


oscillations. 


(2) Long Waves in Monterey Harbor, 


(a) Relationship to Sea Breeze and Onshore 
Winds. 


Certain characteristics of the long waves in 
Monterey Harbor determined in this study suggest that 
they are not simple standing oscillations (seiches) of the 
harbor or bay; and therefore that they probably are 
progressive wave trains arriving from the open ocean. 
These characteristics include broad period spectra and the 
absence of discrete periods common to the wave trains studied. 
If standing waves were present, niles ee period uniformity of 
the wave trains and narrower spectra would have been 
expected. On the other hand, the possibility that the 
long waves are seiches should not be ruled out because their 
period band, dominantly from 20 to 30 minutes, coincides 
with the periods of several of the natural oscillations 
for the harbor and for southern Monterey Bay as computed 


by Wilson (1965). 
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Coincidence of the seasonal and diurnal 
occurrence of the long-wave oscillations studied in this 
investigation with the occurrence of the summer afternoon 
sea breeze which is characteristic of the Pacific Coast 
strongly suggests the causative factor to be associated 
with this phenomenon. In order to confirm this asso- 
ciation, it was planned to establish the occurrence of 
the sea breeze and onshore winds from wind records from 
the local area, and then to compare that occurrence with 
the long-wave occurrences. The possibility of performing 
spectral analyses of wind records made at the times at 
which the twelve wave trains occurred was also considered. 
The purpose of this would be to determine whether resonant 
frequencies between wind and waves might occur. 

Hourly observations of the wind would be 
sufficient for the first purpose, but continuous wind 
records near the sea surface were required to carry out 
the second objective. It was found that satisfactory wind 
- data were not available for either purpose. Wind velocity 
is not recorded at or near Monterey Harbor. The closest 
Source of available wind records was the Naval Auxiliary 
Landing Field, located inland about one mile from the 
harbor. Observations of the wind speed and duration are 
made hourly between 0500 and 2200 daily, but the wind is 
not continuously recorded. Due to the terrain between 
the harbor and the landing field, the wind velocity at the 


field is not representative of the harbor. Hourly wind 
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Speed and direction records were also available from 
Salinas, about sixteen miles away, but that is too distant 
for the purposes of this study. 

In spite of the lack of wind data, it is felt 
that there is a direct association between onshore winds 
and long-period sub=tidal harbor oscillations. It is 
strongly recommended that a continuous-recording anemometer 
be installed in Monterey Harbor to furnish wind data for 
further study of this problem. It is noteworthy that 


Wilson (1965) made the same recommendation in his study. 


(b) Generating Processes. 

The most probable processes responsible for the 
generation of long-wave oscillations are long-period 
atmospheric pressure fluctuations accompanying sea breezes 
and onshore winds, and variations in wind stress on the 
sea surface leading to fluctuations in mass transport in 
&@ shoreward direction. Resonance of the sea surface with 
ordinary sea and swell also may be @ possible cause. 

The only one of these possibilities for which 
suitable field data are available to allow testing is the 
first one, which proposes atmospheric pressure pulses as 
the principal cause. Pressure records obtained from a 
standard recording microbarograph installed at the Naval 
Postgraduate School, and located about one half mile from 
the harbor, were examined for the intervals of the twelve 
long-period wave trains selected. The results are 


tabulated in Table 5. The table shows that definite 
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TABLE 5 = ATMOSPHERIC PRESSURE FLUCTUATIONS 


OCCURRING AT TIMES OF LONG WAVE TRAINS 


Date 
050400-062200 
091800-101000 
~ 052200-070600 
271500-282000 
070400-071000 
110500-111500 
210500-211300 
040400-041500 
131200-131600 
221500-221700 
200900-201600 
021900-022300 


eT) Date and time of record uncertain. 


(2) Taken from Table 4. 


1965 
1965 
1966 
1966 
1964 
1964 
1965 
1965 
1966 
1966 
1966 
1966 


Fluctuations 


dlp 


Pressure 


es 
Mes 
Yee 
Yes 
No 
No. 
Yes 
yes 
Yes 
(2) 
No 


No 


Long Wave Height 
Mean 


eae l Us 


0.39 
0.23 
0.29 
0.19 
0.25 
0.28 
0.54 
0.28 
0.350 
0.28 
0.28 


2) 


barometric oscillations were recorded in the case of six 
of the twelve trains. The pressure oscillations have 
periods measured in tens of minutes. Figure 17 shows an 
example of a pressure record for the period 052200 to 
070600 June 1966. The barograph records for four of the 
trains revealed no fluctuations, and in the remaining two 
cases the barograph records were not useable because of 
possibly incorrect dates, 

The barograph used is not Sensitive to small 
pressure fluctuations, which may account for the absence 
of fluctuations in the four quiet records. It is believed 
a more sensitive microbarograph may have shown barometric 
pressure fluctuations for all of the selected samples of 
long-period sub-tidal oscillations. It should be noted at 
this point that pressure oscillations were found to occur 
when no long waves were present. 

In Table 5, it may be noted that barometric 
pressure fluctuations tended to be present in those cases 
where the wave height is greatest. If sub-tidal long waves 
are caused by atmospheric pressure fluctuations, then it 
would appear that the larger the pressure fluctuations, the 
higher will be the waves. 

It is recommended that a sensitive recording 
microbarograph be installed in the immediate vicinity of 
Monterey Harbor to furnish data for further studies of this 
nature. It is worth noting that Wilson (1965), who saw a 


close similarity in the conditions of origin of long-wave 
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oscillations at Table Bay and Monterey Harbor, also 


recommended installation of..a barograph in Monterey Harbor. 
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4,  Shori—Period Waves. 

a. Oceurrenee, 

Short=period waves were recorded on the marigram 
almost continuously during the three-year period. They 
were absent for short intervals in the following months: 
August 1964, September 1964, October 1964, July 1965, 
and August 1965. Short=period waves were present during 
the entire year of 1966. It is interesting to note that 
1966 was the least active year for long waves. It is of 
further interest that the time of minimum short-wave 
occurrence approximately coincides with the time of 


maximum long-wave occurrence (July). 


be. Wave Period, 

The period and height properties of short waves were 
not determined in the same manner as for the long waves, 
because of the difficulty of obtaining data from the 
marigram due to the relatively large number of waves per 
unit time (Figure 8). Accordingly, another method of 
analysis was necessary. Nine clearly recorded samples of 
the tide records of four-hour duration were chosen, 
photographed, and enlarged. The number of short-period 
waves occurring in the sample was counted and a mean period 
was calculated. The results are shown in Table 6. The 
mean period of the nine samples varied from 1.49 to 2.01 
minutes. This period range is sma11 in comparison with 


the long waves. 
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TABLE 6 = SUMMARY OF PERIODS AND HEIGHTS OF 
SELECTED SHORT—PERIOD OSCILLATIONS 


A. Data for Individual Oscillations: 


Day=Hour Duration T (Mean) H( Mean) 

Month-Year _(Hours) (Min. ) te 
191900-192300 Oct 1964 4 1.69 OSUS 
080200-080600 Dec 1964 - 1.99 0.45 
110200-110600 Feb 1965 4 1.92 0.18 
140200-140600 Jan 1966 4 1.64 0.30 
160300-160700 Jan 1966 4 1.49 0.57 
050200-050600 Feb 1966 4 if, GO 0.22 
121300-121700 Jun 1966 4 dteyouil 0.16 
110000-110400 Dec 1966 + 2201 0.26 
170200-170600 Dec 1966 4 1.67 0.356 


Be Summary by Year: 


No. of T(Mean) Range H(Mean) Range 
meat Waves (Min. ) Ft. 
1964 263 1.69=1.99 0.08-0.45 
1965 125 1.92* 0.18% 
1966 869 1,.49-2.01 0.22=-0. 37 
1964-1966 1257 1.49=2,01 0.08-0.45 


*#One selected sample only from 1965. 


AQ 


ce. Wave Height. 

Wave height was taken as the vertical distance between 
tne crest and following trough, and was measured to the 
nearest 0.05 foot utilizing a 355 mm slide projector to 
enlarge the record. The frequency distribution for each 
of the nine selected samples, tabulated in Tables 28-36 
of the Appendix, is shown in Figure 18. Individual wave 
heights varied from 0.05 to 0.75 foot. The largest range 
for any one sample was from 0.10 to 0.75 foot and the 
smallest was from 0.05 to 0.20 foot. The cumulative 
frequency distributions are shown in Figure 19. The mean 
heights for the nine samples are listed in Table 6. The 


mean height varied from 0.08 to 0.45 foot. 


d. Gauses, 

The short-period oscillations recorded may be natural 
oscillations of the harbor, i.e. Seiches, or progressive 
waves associated with swell groups arriving from tne open 
ocean, c&alled surf beat by Munk (1949). 

The nearly continuous occurrence of the waves in the 
harbor strongly points toward an association with swell, 
which is almost continuously present although very low at 
the sheltered location of the tide gage. This observation 
is not useful in further defining the cause, because swell 
apparently can induce surf beat and seiching. 

The fact that the period of the waves averages acout 


1.7 or 1.8 minutes is of particular interest. Wilson (1965) 
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calculated the period of the first mode of natural 
oscillation of the harbor to be 1. minutes. His analysis 
of field data showed a wide range of short-period 
oscillations whichincluded a prominant energy peak at 
lef minutes. He concluded that these oscillations were 
caused by ordinary swell from the open ocean, and that 
the energy peak obtained at 1.7 minutes was due to 
resonant oscillation of the harbor, It was his opinion 
that surf beat might be present but that it could not 
account for all the short-period oscillations present. 

Hopper (1967) showed the presence of waves at 
Del Monte Beach, located on the open coast near Morterey: 
Harbor, which have a fairly wide range of periods in the 
Same part of the wave spectrum. He obtained a prominant 
energy peak at approximately 80 seconds, which is in 
close agreement with that of the short waves treated in 
this study. Hopper was inclined to believe that these 
waves arrived from the open ocean and were reflected from 
the shore out to sea, 

It is also possible that some other phenomenon 


may be the princjpal cause of the short-period oscillations. 


Be 


5. Summary. 

Analysis of tide records from Monterey Harbor for tne 
three-year period 1964-1966 showed that two types of sub- 
tidal oscillations occur in the harbor having mean periods 
in the range of 19 to 39 minutes and 1.5 to 2.0 minutes. 
Their heights, recorded on the tide records, varied from 
0.2 to 0.4 foot and from 0.1 to 0.5 foot, respectively. 
The longer waves occur in trains having durations from a 
few hours to several days, and have a well-defined seasonal 
and diurnal frequency of occurrence, being most common 
during July and between the hours of 1200 and 1600. The 
Shorter waves are recorded almost continuously, but are 
absent at times during the months of the most frequent 
occurrence of the long waves. The long-period waves 
probably are progressive waves produced by air-pressure 
fluctuations or by resonance with the ordinary surface 
waves associated with the coastal sea breeze. The short 
period waves appear to be either natural oscillations of 
the harbor or surf beat accompanying swell arriving from 


the open ocean. 
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APPENDIX 


TABLE 1 =- MONTHLY LONG-PERIOD WAVE OCCURRENCE 


Month - Year 


Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
sep 
Oct 
Nov 


Dec 


Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
sep 
Oct 
Nov 


Dec 


1964 
1964 
1964 
1964 
1964 
1964 
1964 
1964 
1964 
1964 
1964 
1964 


1965 
1965 
1965 
1965 
1965 
1965 
1965 
1965 
1965 
1965 
1965 
1965 


Occurrences (Hours) 
5 


3 
68 
Effects from Tsunami 
Si. 
2) 
2(0 
ie 
64 
ae, 
18 
ao 


14 
74 
L9 
Record Missing 
15 
298 
409 
189 
Unreliable Record 
Record Missing 
Gage Out 
Gage Out 


2) 


TABLE 1 = HONTHLY LONG-PEHERIOD WAVE OCCURRENCE 


Month = Year 


(Continued) 
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Occurrences (Hours) 
30 
ae. 


Lie 


TABLE 2 = DIURNAL LONG-PERIOD WAVE OCCURRENCE 


Hours L964 1965% 1966% Total 
00-01 Ove 38 BS) LOS 
O1L=O02 34 34 36 LO4 
02-03 34 35 Oi 106 
03-04 OS 34 EM 106 
04=05 36 oi 34 LOT 
05-06 38 39 34 Lal 
06-07 4.0 4.0 30 L1LO 
07-08 i, 4.1 Zi LO5 
08-09 34, 4.3 26 EOD 
09=10 34. A5 50 LOO 
10-11 34 A5 36 gMALS: 
li-12 56 48 39 Las 
12-13 36 49 43 128 
13-14 34 AT 43 124 
L415 Do 49 40 124 
L5=16 oi aU 42 123 
16-17 De 4.6 4.0 L20 
17-18 BY Ad 39 115 
18-19 oil 44 oe 112 
L9=-20 Ba 4.2 36 Le 
20-21 oan 43 50 110 
el2e2 36 42 25 i Hl 
22-235 34 4.0 36 1G: 
23-24 34 38 36 108 


* 1964 - 11 Months Analysis 


* 1965 = 7 Months Analysis 


# 1966 = 11 2/3 Months Analysis 
59 


Hours 
00-01 
Ol=O02 
O2=0 3 
03-04 
O4—05 
05=06 
06-07 
07-08 
08-09 
O9=—10 
Ge 1.4. 
ll-12 
12-13 
13-14 
14815 
15=-16 
16-17 
17-18 
18-19 
19=20 
COm2L 


19644 
0.397 
0.412 
0.412 
0.434 
0.446 
0.472 
0.496 
0.458 
0.412 
0.412 
0.412 
0.446 
0.446 
0.412 
0.434 
0.385 
02397 
0.397 
0.385 
0.397 
0.385 


WAVE OCCURRENCE 
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TABLE 3 - DIURNAL PERCENTAGE OF LONG-PERIOD 


1966# 
0.412 
0.423 
0.4354 
0.434 
0. 3599 
0.599 
00,552 
0.317 
O. 306 
0.352 
0.423 
0.458 
0.505 
02505 
0.469 
0.493 
0.493 
0.458 
0.454 
0.423 
0. 588 


Average 


Oeonf 
0.500 
0.510 
0.511 
0.514 
0.545 
0.543 
0.526 
0.520 
0.548 
0.571 
0.624 
0.639 
0.612 
0.624 
0.619 
0.597 
OB 572 
0.560 
0.548 


0.530 


TABLE 4 = DIURNAL PERCENTAGE OF LONG-PERIOD 
WAVE OCCURRENCE (Continued) 


Hours 196A 1965% 1966% Average 
21-22 0.446 on6e5 0.2 0.560 
22—_23 0.412 0.782 0.423 0.539 
25-24 0.412 0.745 0.423 0.519 


* 1964 - Percentage Based on 11 Months 
% 1965 = Percentage Based on 7 Months 


% 1966 = Percentage Based on 11 2/3 Months 
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TABLE 4 - LONG-WAVE PERIOD DISTRIBUTION FOR 


050400-G02200 FEB 1965 


Remi-od. Occummences Cumulative Cumulative Percentage 
om ieee) ee 4) ee 
7 ii 1 OS 
LO a 2 Loe 
1) 5 v4 6.07 
14 6 de 12.4 
L5 of af 16.2 
16 a Base cORS 
ah “ 25 238 
18 6 51 alan 
Lg 5 36 54 — 3 
20 2 38 5062 
au 4, 42 4.0.0 
22 5 47 4448 
26 2 AQ 4.647 
24 4, Do 50.5 
25 i 5+ 514 
26 iO 61 eyo) | 
ot 5 66 62.8 
28 4 fae 66.7 
2g d 1, 69.5 
30 5 76 72.4 
Sidl 5 ies Dee 
2 9 82 (Oed 
59) 6 88 83.8 
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Period 
(lin. ) 
34 
28 
36 
ay 
38 
OS, 
40 
Al 
L.A, 
17 


TABLE 4 = LONG-WAVE PERIOD DISTRIBUTION FOR 


0504.00-062200 FEB 1965 (Continued) 


Occurrences 


ae) 
3 


PrP FPF FP FF FP FP FP w& 


Cumulative 


____(No.) 
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o1 


Cumulative Percentage 
——— 
6onc 
89.5 
90.5 
91.4 
92.4 
96.2 
97 2 
98.0 
99.0 

100.0 


TABLE 5 = LONG-WAVE PERIOD DISTRIBUTION FOR 


091800-101000 AUG 1965 


Pemirod. Occurrences Cumulative Cumulative Percentage 
eos os) 
9 1 1 2,33 
2 L 2 4.65 
LS 2 a 9630 
14 3 i‘. vOeS 
LD 2 9 2069 
16 iL 20) 26.5 
iy 1 al 25.46 
18 2 ats, 30.2 
ag 5 16 a we 
2 Lae @ 18 A1.9 
le a iy) AA Le 
23 4 25 555 
25 a O4 ays. 
26 2 26 60.5 
of 3; eo 67 4 
23 2 31 (eeu 
ay fa By, Toon 
30 i 34 tQenk 
Ei a ay 86.0 
ge ‘a SS 90.7 
Go ui 40 oOeo 
34 i 41 95 03 
GO i 42 9% of 
ONG i 45 100.0 


TABLE 6 = LONG-WAVE PERIOD DISTRIBUTION FOR 
052200-070600 JUN 1966 


bedeh nore! Occurrences Cumulative Cumulative Percentage 
Giins) (ow) NR ee 

3 5 5 bm 

9 6 alia Lie 
10 E le 12,0 
1i L ano, 15.0 
12 4 a4 170 
a Ee) 4 zl. 21.0 
14 { 28 28150 
15 8 36 36.0 
16 ate: AT 47.0 
6 2 50 50.0 
ye dh 54 54.0 
ik y oi 57 20 
20 2 a9 59.0 
eal 6 65 65.0 
ae 4 69 69.0 
25 3 2 12.0 
O4 it 73 (300 
aD 3 76 76.0 
26 3 Te 1920 
coll e 81 ee, 0 
28 2 83 83.0 
29 2 85 85.0 
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TABLE 6 = LONG-WAVE PERIOD DISTRIBUTION FOR 


052200-070600 JUN 196¢ (Continued) 


Per Od. Occurrences Cumulative Cumulative Percentage 
(Mine) Giese). ___(Noe) =. AG) 

30 44 89 89.0 

i 5 94, 94.0 

oe a 2 95.20 

be ie 98 98.0 

2) ul ao 99.0 

36 a LOO 100.'0 
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TABLE 7 = LONG-WAVE PERIOD DISTRIBUTION FOR 
271500=-282000 NOV 1966 


Period Occurrences Cumulative Cumulative Percentage 
(Min.) (No) (Noo) (2) 
il i a PS 
1g i. 2 209 
14 i 3 4.3 
LS. 2 5 oe 
anf 2 " 10.0 
19 d, 11 1569 
20 ik iL 17 4 
ea ug i 18.8 
Ze 2 a5 ole, 
25 ~ 19 276d 
24 8 all 99eu 
25 3 30 4365 
26 1 gy 44469 
at A 5D 50.7 
28 4 DS. 5104'S. 
29 5 Ad, 64.7 
50 5 A9 71.0 
51 D we T5e4 
Be 5} a S24 (f 
53 5 62 89-7 
34 3 65 94.2 
35 iL 66 9567 
36 2 68 98.6 
8 i 69 100.0 


TABLE & = LONG-NAVE PERIOD DISTRIBUTION FOR 


070400-071000 DEC 1964 


Period Occurrences Cumulative Curulative Percentace 
(Hine) SC) i (NOs) in... Cie 

10 1 ut vere 

Le uv e rea, 

te ? dh 28.6 

Ze a D B59 I 

24 ah 6 42.8 

26 u i 50.0 

Zi at 8 Dilewe 

22 at S, 64.3 

34. ar ge) 71.4 

55 3b MAL ies). 5 

ot u ie Soir) 

40 i bs 92.8 

AD a 14 sRelerae) 
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TABLE 9 = LONG-WAVE PERIOD DISTRIBUTION FOR 
110500=111500 DEC 1964 


Period Occurrences Cumulative Cumulative Percentage 

(fing)  _ (Noe) = __{Noe) (2) 
aS i ak BIOS 
24. 2 3 LO 1 
26 TL 4 2202 
at iW 5 2728 
28 2 tf 3829 
a a 8 AAS 
50 i 9 50.0 
ot ak 10 5505 
32 1 ah: yl 2 
OD, ud ie 6667 
36 2 14 7728 
41 1 aS: 8343 
49 ze 16 88.9 
50 a 1 94.4 
SL te 18 100.0 
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Period 


(Min. ) 


19 


40 


Ab 


TABLE 10 - 


Oceurrences 


| 
ok 


mH mM fF ~ FH 


MM PO WW 


LONG-WAVE PERIOD DISTRIBUTION FOR 


210500+211300 JAN 1°65 


ww 


ale 


70 


Cumulative 


o-oo (Non) 


Cumulative Percentage 


2) 


6m67 
eo 
2667 
Bs 
46.7 
je” 
(a2 
86.6 
100.0 


TAELE 11 - LONG-WAVE PERIOD DISTRIBUTION FOR 
040400-041500 FEE 1965 


Period Occurrences Cumulative Cumulative Percentage 

(Min. ) (No. ) (No. ) (%) 
ae. il 1 4.35 
L9 a 5 13.0 
20 es 5 21.8 
ee iL 6 26.1 
23 2 8 34.8 
er 2 rr 4304 
31 2 re De we 
52 mn digi 56.6 
34 5 16 69.6 
36 a 20 87 20 
58 i at, 91.3 
a9 1 22 95 ef 
45 1 eae) 100.0 
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TABLE 12 = LONG-WAVE PERIOD DISTRIBUTION FOR 
131200-131600 JAN 1966 


Period Occurrences Cumulative Cumulative Percentace 
{(Min.) lon) __ yaue(Nos)) 1) Sea” 

pri 1 i Gia: ( 

oe il Z Boe, 

bo al o 50.0 

I, 1 44 66. / 

4.4 a > eyo 5, 

4.6 | HE 6 100.0 


TABLE 15 — LONG-WAVE PERIOD DISTRIBVTION FOR 


221500~221700 SEPT 1966 


Feriodg Occurrences Cumulative Cumulative Percentage 
Maw eo ues _ aio. =. @ 
34 | i i 3250 
36 i 2 66a 
AZ a 35 100.0 


Ve 


TABLE 14 ~- LONG-WAVE PERIOD DISTRIBUTION FOR 
200900201600 OCT 1966 


Period Occurrences Cumulative Cumulative Percentage 
Gin) iow  @Ie.) 2a ae 

aye 2 2 Loe 

19 a B 20.0 

25 1 = 26). if 

24 S { 4667 

26 1 8 5565 

ae a 5) 60.0 

28 L LO 66.6 

30 1 11 (343 

oo 1 12 80.0 

OS 1 1S 86.6 

36 ua 14 9305 

38 A. gas 100.0 


TABLE 15 = LONG-WAVE PERIOD DISTRIBUTION FOR 
021900=0223500 DEC 1966 


Period Occurrences Cumulative Cumulative Percentage 
fetin. )) (Noo) (No.) (%) 

Ol 1 if 14.3 

29 2 3 42.8 

34 L 4, 57 el 

Be, us 2, 71.4 

41 a 6 85.8 

48 1 7 100.0 
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TABLE 16 = LONG-WAVE HEIGHT DISTRIBUTION FOR 
050400-062200 FEB 1965 


Height Occurrences Cumulative Cumulative Percentage 
bts) 4 ____ (No. ) (No. ) (%) 

0.10 : e 2 oot 

0.15 20 22 20.9 

0.20 39 61 58.2 

0.25 24 e5 81.0 

0.20 14 eS) 94.3 

O.35 @ 5 1 G2 9% 2 

240 3 105 100.0 


TABLE 1/7 - LONG-WAVE HEIGHT DISTRIBUTION FOR 
091800=101000 AUG 1965 


Height - Occurrences Cumulative Cumulative Percentage 
His) - ____(No.) (No. ) (% ) 
020 i il | 2.52 
0.25 9 10 23,2 
O. 30 9 OD cme | Ad. 2 
OiecdS 8 2if. 620g 
0.40 p 29 67 4 
0.45 3 32 TA A 
0.50 5 oS 81.4 
0.55 a 38 “ 90.7 
0.60 2 41 95.5 
O./0 ik 42 Sth 
0.95 al 43 ae BAAN 
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{4BLE 18 = LONG-WAVE HEIGHT DISTRIBUTION FOR 
052200-070600 JUN 1966 


Height Occurrences Cumulative Cumulative Percentage 
(Fie) _ifNow)  S.Oee) aa ee 
O10 ING, LG 99 
0.15 ant Bi 3067 
0.20 BS 56 5b eD 
0.25 IE, es. T+e3 
0.350 14 89 88.0 
0.55 5 94 93.2 
0.40 6 100 99.0 
0.45 dt LOL 100.0 


TABLE 19 = LONG-WAVE HEIGHT DISTRIBUTION FOR 
271500=-282000 NOV 1966 


Height Occurrences Cumulative Cumulative Percentage 
koe) oe (Now) (% ) 
0.15 5 . (Pe 
0.20 LO ale 2.8 
0.225 14 29 42.1 
0.30 18 AT 68.2 
0.55 13 60 87 20 
0.40 4 64 92.8 
0.45 2 66 9567 
0.50 2 68 98.5 
0.55 IL 69 100.0 


(co 


ZABLE .20 = LONG-WAVE HEIGHT DISTRIBUTION FOR 
070400—-O71000 DEG 1.964: 


Height Occurrences Cumulative Cumulative Percentage 
50 Se > 
CmLO sas it BL Tel4 

0.5.5 4 5 oF. [ 

See0 @ 6 a Ton © 

0.25 2 13 92.8 

GRO el i La 100.0 


TABLE 21 - LONG-WAVE HEIGHT DISTRIBUTION FOR 


110500~111500 DEG 1964. 





Height Oceurrences Cumulative vimuleative Percentage 
Gre a ee 
0.15 a7 y) Liss 7 
:0.20 8 lal Clue 
ai as 15 8543. 
O750 di 16 88.9 
0.35 2 18 100.0 
TABLE 22 =| LONG-WAVE HEIGHT DISTRIBUTION FOR 
210500=211300 JAN 1965 
Height Uecurrences Cumulative Cumulative Percentage 
(Piao (Hs) alli) A) ee 
0520 2 2 135 
Pie) @ D ( 46.7 
50 5 6 13 BO Ae 
Omw> 2 dig 100.0 


TABLE 235 #- LONG-WAVE HEIGHT DISTRIBUTION FOR 
040400-041500 FEB 1965 


Height Occurrences Cumulative Cumulative Percentage 
(Pte) - (No. ) (No. ) (%) 

0.15 at al 4.35 

0.20 1 2 8.70 

0.25 2. ¢ 3065 

0-30 5 LO 4364 

One> 5 ee Bee 

0.40 6 18 73.8 

0.45 4 22 9567 

0.50 1 23 100.0 


TABLE 24 -— LONG-WAVE HEIGHT DISTRIBUTION FOR 
131200-1351600 JAN 1966 


Height Occurrences Cumulative Cumulative Percentage 


ioe) me (Ne.) = te)... aoe 


0.20 a a 16.7 
0.25 a 2 500 
0.30 2 2) 8363 
04655 ui 6 100.0 


TABLE 25 » LONG-WAVE HEIGHT DISTRIBUTION FOR 
221500-221700 SEP 1966 


Height Occurrences Cumulative Cumulative Percentage 
Mitwe es) ato. 3a 
0.30 e; 35 100.0 


at 


TABLE 26 = LONG-WA 


me ree, TYTST AY TSE ~~, « 
4 I Fe i LUT 4 
Vi; HEGGHT D 


200900=201600 OCT 1966 


Occurrences 


(No. ) 
WA Ae POG alt Sic mr 


N oe 


Cumulative . 


(Noo) 


BP Saat 


Cumulative Fercentaze 
pty (7) ae 
DD ie 
46.7 
004.6 
86.6 


100.0 


TABLE 27 - LONG-WAVE HEIGHT DISTRIBUTION FOR 


021.900-022300 DEC 1966 


~ Occurrences 
_- Glen 
Co 


- 
2 
2 


Cumulative 
. (Neng n, 
2 
5 


2) 
{ 


‘TABLE 28 — SHORT-WAVE HEIGHT 


Cumulative Percentage 
a 
23.6 
42.8 
714: 

100.0 


DISTRIBUTION FOR 


191900=192500 OCT 1964 


Occurrences 
muon) 
66 
58 


Cumulative 
NO. 
66 
124 
L41 
142 


(as 


Cumulative Percentage 


4 24. aoe 
46,4 


Oo 
LN 


fe 
Oe 


\O 


é 


2 


100.0 


TABLE 29 =~ SHORT-WAVE HEIGHT DISTRIBUTION FOR 
080200-080600 DEC 1964 


Height Occurrences Cumulative Cumulative Percentage 
Ft. No. No. (%) 
0.20 i if 578 
O25 6 ILS 10.7 
0.30 7 20 1S 55 
0.55 ’ 2g 24.0 
0.40 19 48 39.6 
0.45 15 63 es 20 
0.50 Le 15 62.0 
0.55 27 102 84,3 
0.60 8 110 90.8 
0.65 5 Lis 95.0 
0.70 4 119 98.3 
0.75 a lel 100.0 


ew 


TABLE 30 ~ SHORT-WAVE HEIGHT. DISTRIBUTION FOR 
110200-110600 FEB 1965 





Height |. Occurrences Cumulative Cumulative Percentage 
{Bte) (lon) oe) 2) gigi 
0.10 © 18 18 14.4 
O.1> oo 22 Me 45.6 
OF20 oe, ili 'O 87 29 
0T25 2 a 2 96.8 
0.30 2 25 98.3 
Oo =e il 124 O9ae 
0.40  ! 1, 1:25 100.0 


TABLE 31 - SHORT-WAVE HEIGHT DISTRIBUTION FOR 
140200-140600 JAN 1966 


Height Occurrences Cumulative Cumulative Percentage 


oe ioe) Coy CO eee 
Os 5 5 BAD 
0.20 2g 34. Coe 
0.25 22 56 38.4 
O50 29 85 58.2 
0.35 26 111 76.0 
0.40 21 132 90.4 
0.45 10 142 9742 
0.50 4 146 100.0 
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TABLE 32 =- SHORT-WAVE HEIGHT DISTRIBUTION FOR 
160300=160700 JAN 1966 


Height Occurrences Cumulative Cumulative Percentage 
(Ft.) womb) 2 NO a) ee 
0.10 », 3 1.86 

0.15 b) 6 det 5 

One® Aes 18 Lai 

0.25 19 By 2520 

0. 30 i 49 30.4 

0.35 59 88 54.7 

0.40 18 106 65.8 

0.45 26 Lge 81.9 

0.50 ine 144 89.4 

0.55 2 A, 95.20 

0.60 5 Iie, 98.1 

0.65 3 161 100.0 


Bl 


TABLE 33 - SHORT-WAVE HEIGHT DISTRIBUTION FOR 


050200-050600 FEB 1966 


_ Height Occurrences Cumulative Cumulative Percentage 
series) Soo No. — ne | 
Ong 4 7 1 4,66 
Os. 34 A1 al «© 
O20. can 55 96 64.0 
0.25 28 124 82.6 
0.50 ., 4. 28 e155 
0.55 16 144, 96.0 
0.410 aaa 6 dO 100.0 


TABLE 34 - SHORT-WAVE HEIGHT DISTRIBUTION FOR 
121300-121700 JUN 1966 


Height Occurrences Cumulative Cumulative Percentage 
Gites) (Noo) (No. (s) a... ae 
0465° °°" 4 4. 2.68 

0.10 28 92 ener 

O15 60 92 Gilt 

0.20 A2 134 90.0 

Oma5 1) 147 98.7 

0.30 2 149 100.0 
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TABLE 55 = SHORT-WAVE HEIGHT DISTRIBUTION FOR 
110000-110400 DEC 1966 


Height Occurrences Cumulative Cumulative Percentage 
Ete Noe NO. (%) 
0.05 1 1 0.84 
0.10 7 8 Gee 
0.15 18 26 21.9 
0.20 20 46 38.6 
0.25 15 61 BELG 3 
0.30 30 91 76.4 
0.55 19 110 92.4 
0.40 i ki 98.5 
0.45 2 119 100.0 


833 


TABLE 36 = SHORT-WAVE HEIGHT DISTRIBUTION FOR 
170200-170600 DEC 1966 


Height - Occurrences Cumulative Cumulative Percentage 
(Bite) 4 (No. ) gal hal Nov ) (%) 
O10 4 ~ 2.78 
0.15 6 10 6.94 
0.20 LO 20 1.2 
O25 is OD 2229 
O. 30 21 54 D(e> 
0.55 23 Fol 53505 
0.40 ei, 104 ( Bee 
0.45. 9 del.) 73.4 
0650 LO 3 85.4 
0.55 ¢ 130 90.3 
0.60 7 BL), 96.4 
0.65 ik 140 97 22 
0.70 5, 143 99.3 
0.75 1 L44 LOOZO 
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